Porphyrin molecules, of interest as versatile materials for organic electronics, are highly prone to formation of significantly different polymorphic phases. To elucidate the determinants for the specific polymorphic phase formed in thin films as well as for the arrangement of the molecules on a given substrate two different anisotropic substrate surfaces have been selected: KCl(100) and the oxygen reconstructed Cu(110) surface. We observe that the crystal structure of the thin films depends on the substrate, whereas the relative molecular orientations in both cases are similar. X-Ray and transmission electron diffraction of 30 nm thick tetraphenyl-porphyrin (H 2 TPP) and platinum tetraphenyl-porphyrin (PtTPP) thin films deposited on KCl(100) surfaces reveals that both kinds of molecules crystallize in a tetragonal polymorph with the (001) lattice planes, i.e. with their macrocycles, parallel to the substrate. Films deposited on the oxygen reconstructed Cu(110)-(2 Â 1)O surface exhibit in contrast the triclinic polymorph even though molecules again align nearly parallel to the substrate surface as observed by LEED and X-ray diffraction. On both substrates we identify two driving forces for the epitaxial alignment of porphyrins: (i) molecules aligning with their macrocycles (nearly) parallel to the substrate surface and (ii) the porphyrin molecules forming a commensurate unit cell with the respective substrate. The polymorphic phase meeting both requirements is the most favorable to be formed on a given substrate and due to this structural flexibility in both cases well-ordered, epitaxially aligned porphyrin thin films are achieved.
Introduction
Predicting and controlling the crystal structure as well as the molecular alignment of organic thin films are of crucial importance for the performance of organic thin film devices. 1 Although often observed for crystals of organic molecules the phenomenon of polymorphism is still barely understood. Due to their weak and non-directional van der-Waals interactions, structures with significantly different molecular packings and thus different electronic properties can have similar lattice energies, i.e. in the thermodynamical sense have a similar likelihood of occurrence. [2] [3] [4] In this study we focus on characterizing thin films of porphyrin molecules, a group of organic compounds often used in organic opto-electronics and showing a pronounced tendency to polymorphism. [5] [6] [7] [8] [9] Here, the crystal packing, molecular arrangement and morphological properties of epitaxially aligned thin films of tetraphenyl-porphyrin C 44 H 30 N 4 (H 2 TPP) and its Pt-analogue C 44 H 28 N 4 Pt (PtTPP) are studied. H 2 TPP molecules consist of four phenyl groups which are attached to a highly conjugated porphine skeleton (macrocycle); two out of four nitrogen atoms located in the center of the macrocycle are bound to hydrogen atoms (Fig. 1a) . The two hydrogen atoms are substituted by a platinum atom in the case of the metal complex PtTPP (Fig. 1b) . Two competing forces are determining the final molecular configuration of porphyrins in crystals. On the one hand a planar macrocycle is advantageous. It ensures the most effective p-p-orbital overlapping as the molecules preferentially stack parallel to each other. On the other hand the molecules are driven for being packed as close as possible. Since the porphyrin molecules are easily deformed, several crystal structures are reported where the close packing is realized inducing a loss of the macrocycle planarity. In these crystal structures, the so called ''ruffled'' or ''saddled'' conformation is observed giving rise to the phenomenon of conformational polymorphism (i.e. chemically identical molecules adopt varying conformations in different crystal lattices). [5] [6] [7] Though the bending and twisting of phenyl side groups in respect to the porphine skeleton is usually such that they are nearly perpendicular to the porphine skeleton, for specific polymorphic phases it also might significantly differ.
Due to the highly conjugated macrocycles and the tendency to crystallize with the macrocycles parallel to each other, porphyrins have been recognized as promising materials for organic electronic devices, such as light-emitting diodes, 10, 11 photovoltaic cells 12, 13 or thin film transistors. 14, 15 Additionally, the easy substitution of the two central hydrogen atoms by a metal atom allows tuning the specific electronic and optical properties. [16] [17] [18] Studies on thin films further show that those molecules form highly ordered arrays on various substrate surfaces. This is due to the high conformational flexibility of porphyrin molecules, which enables to adopt a conformation favorable for a specific substrate surface. 19, 20 Numerous recent studies have focused on the growth of porphyrins in ultra thin films solely using surface sensitive investigation techniques like LEED (low energy electron diffraction) and STM (scanning tunneling microscopy). Such studies barely go beyond the first monolayer and have not investigated crystallographic properties of porphyrin multilayer films. 16, 19, [21] [22] [23] [24] In the present study we go further: besides determining the impact of the substrate on the molecular arrangement we will explore which polymorphic phase most likely forms on a specific substrate. Two different well-defined, anisotropic substrates were selected for this purpose. The KCl(100) surface exhibiting a square 2d unit cell is a favored model surface reliably yielding epitaxially aligned films of organic molecules. 25, 26 The second substrate, oxygen reconstructed copper (110) (Cu(110)-(2 Â 1)O), provides a corrugated surface due to orientation of adsorbed oxygen atom rows along the Cu[001] direction. For rodlike molecules it has been shown that the surface corrugation aligns the molecules and induces epitaxial order of the deposited molecules 27 and in the present work this will be demonstrated also for the plate-like porphyrin molecules. The crystallographic and morphological properties of the porphyrin thin films are determined using LEED, X-ray diffraction techniques (XRD), transmission electron microscopy/ diffraction (TEM/TED) as well as atomic force microscopy (AFM).
Experimental Sample preparation
The oxygen reconstructed Cu(110) substrate surface was prepared by cleaning the copper crystal by repeated cycles of Ar + -ion bombardment and annealing it to 800 K. Dosing 10 L [1 Langmuir (L) = 1 Torr ms] of oxygen on the clean Cu(110) crystal at 500 K forms a p(2 Â 1) added-row reconstruction which chemically polishes the surface. 28 The resulting terraces are up to hundreds of nanometres wide and separated by monoatomic steps. In addition, oxygen exposure not only flattens out the substrate but also passivates it with respect to aromatic adsorption. The KCl(100) substrates were produced by cleaving a KCl single crystal under UHV with a homemade cleaver along the (100) plane. The H 2 TPP as well as PtTPP was deposited in situ from a thoroughly degassed evaporator with a pressure of 10 À10 mbar. Nominal growth rates of 1-5 Å min
À1
, as monitored by a quartz microbalance, assuming a density of 1.273 and 1.688 g cm
À3
, respectively, were used.
Low energy electron diffraction measurements
Low energy electron diffraction (LEED) experiments were performed in situ under ultra high vacuum on an Omicron MCP-LEED. Here, a micro channel plate is used to amplify electrons being backscattered by the sample. Due to this amplification only a low emission current in nA range is needed. The low primary beam current of the MCP-LEED allows sensitive samples, such as the studied porphyrin thin films, to be investigated without causing damage induced by higher beam current. In order to preserve the momentum of electrons parallel to the sample k J , in the LEED pattern display a fringe field correction plate is used. However, close to the edge of the LEED screen little distortion is seen. With this setup a transfer width greater than 25 nm at 100 eV beam energy is reached.
X-Ray diffraction measurements
The in situ prepared and characterized porphyrin multilayer films were removed from an UHV chamber for subsequent X-ray diffraction (XRD) measurements. Using a Philips X'pert X-ray diffractometer with CrKa radiation specular scans and pole figure measurements were performed. The measurement geometry of specular scans ensures that the scattering vector is always parallel to the surface normal of the substrate. By continuously varying its magnitude, lattice periodicities perpendicular to the substrate surface are probed determining the lattice planes of the thin film oriented parallel to the substrate surface. In contrast, pole figures are measured by keeping the magnitude of the scattering vector constant (e.g. choosing a specific lattice plane distance to be measured) while systematically changing its direction. Thereby, the distribution of lattice plane orientations of the substrate as well as of the organic thin film is obtained. From these measurements the azimuthal orientation of the thin film crystallites in respect to the substrate surface can be deduced. The simulation of pole figures was performed using STEREOPOLE 29 and for the assignment of the peak positions measured in the specular scans POWDER CELL 30 was used. The diffraction patterns of the H 2 TPP and PtTPP powders were measured with a Siemens D501 diffractometer in the focusing Bragg-Brentano geometry using CuKa radiation with a secondary graphite monochromator. The powder diffraction patterns were refined using the software MAUD. 31 Transmission electron microscopy measurements TEM was used as a complementary technique to determine the spatially resolved structure of the porphyrin films grown on KCl. The carbon coated H 2 TPP and PtTPP films were removed from the KCl substrate by floating onto water and were subsequently recovered onto TEM copper grids. TEM investigations were performed in bright field (BF) and selected area electron diffraction (SAED) modes using a Philips CM electron microscope (120 keV) equipped with a MVIII CCD camera. Calculation of the electron diffraction (ED) patterns was performed using WebEMAPS. 32 Atomic force microscopy measurements Atomic Force Microscopy (AFM) measurements were performed ex situ using a Digital Instruments MultiMode AFM operated with a Nanoscope IIIa controller and a Digital Instruments Dimension 3100 AFM operated with a Nanoscope IVa controller. Regular silicon cantilevers with a typical resonance frequency of 300 kHz were used in tapping mode. The use of tapping mode ensures minimal lateral forces between the tip and the sample to preserve the original surface morphology of these sensitive films. Gwyddion 33 and NanoScope [Version 1.2 by VEECO, 2010] software packages have been used for image analysis.
Results and discussion

Powder diffraction
To specify to which extent the crystal structures formed in thin films depend on the nature of the substrate, the crystal structure of the 'as-delivered' porphyrin powders used for the preparation of the thin films was investigated by X-ray diffraction. The diffraction pattern obtained for the H 2 TPP powder (Fig. 2a) Within small variations in the unit cell parameters identical crystal structure is also reported for many metal-substituted porphyrins such as CuTPP, 6 PdTPP, NiTPP 6 as well as for PtTPP. 7 The macrocycle lying in the (a,b) plane is ruffled and the porphyrin molecules are stacking along the c-direction. This structure exhibits the I % 42d space group, while the molecular symmetry is assigned to the D2d ( % 42m) point group, 35 accordingly describing the ruffled structure of the macrocycle. The two opposed phenyl rings do not lie in the same plane. They are twisted by an angle of 231 in respect to each other and enclose angles of 78.51 with the mean plane of the macrocycle.
Though, only this crystal phase is explicitly reported for PtTPP, 7 the diffraction pattern observed for the PtTPP powder (Fig. 2b ) reveals a different body centered tetragonal unit cell, which is isomorphic (i.e. unit cell parameters are closely similar) with the structure previously reported for CuTPP:
8 a = b = 13.3747 Å , c = 9.7348 Å (Fig. 1d ). Taking the reported CuTPP structure as a starting-point, the copper atoms were replaced by platinum atoms and the lattice parameters were slightly refined with a least-squares approach using the software MAUD (a = b = 13.345 Å , c = 9.719 Å ). The lattice spacings calculated by using this adapted structure (black line) are in perfect accordance with the measured diffraction pattern (red line). There is a slight discrepancy in the intensity ratio probably induced by a preferential orientation of the crystallites due to the preparation of the powder for the measurement. Like in the tetragonal structure observed for H 2 TPP, the porphyrin molecules are stacked along the c-axis, but here the macrocycles are perfectly flat lying in the (a,b)-plane with phenyl groups perpendicular to it. The planar skeleton is described by the C 4h (4/m) symmetry and this structure belongs to the I4/m space group.
It is worth emphasizing that in the observed crystal structures the Pt-analogue PtTPP adopts a planar structure in contrast to the metal-free H 2 TPP molecules. This peculiarity of porphyrin systems was already observed in the 1960s 5, 6 and points out that it is not the substitution with a metal atom which induces a conformational change leading to ruffled or saddle-like geometries but rather the specific forces of a given crystal structure. As the porphyrin molecules are easily deformable, crystal packing forces affect View Online the final conformation of the molecules and therefore conformational polymorphism in porphyrin crystals is often observed.
For the purpose of this article the tetragonal phase observed for the H 2 TPP powder will be defined as 'tetragonal polymorph I', the phase observed for the PtTPP powder as 'tetragonal polymorph II'.
Structure and alignment of tetraphenyl-porphyrins on KCl (100) Transmission electron microscopy and diffraction. The bright field images of the PtTPP (Fig. 3a) and H 2 TPP (Fig. 3d ) films reveal similar morphologies: uniform coverage with hemisphericalshaped crystallites aggregated to islands. Although the domains are not facetted and show rather smooth contours, they tend to align along preferential in-plane directions, suggesting epitaxial alignment by the KCl(100) substrate. The size of the aggregates in the case of the PtTPP film is in the range of 200 nm, while the H 2 TPP film is composed of larger crystallites reaching dimensions even up to 500 nm. Very similar morphologies for porphyrin films grown on KCl(100) at room temperature were already reported. [36] [37] [38] The electron diffraction (ED) pattern of PtTPP grown on KCl(100) shows remarkably sharp diffraction spots indicative of a strong epitaxial alignment by the KCl substrate (Fig. 3b) . A closer analysis reveals a superposition of two identical single crystal patterns which are rotated by 361 in respect to each other. The measured lattice spacings d hkl can be assigned to the tetragonal polymorph II which was observed for the PtTPP powder (a = 13.345 Å , c = 9.719 Å , space group: I4/m). 8 The measured single crystal pattern is consistent with the calculated one of this structure assuming the [001] zone axis (Fig. 3c) . This zone axis corresponds to the (001) contact plane and implies that molecules orient with their flat macrocycles parallel to the substrate surface. Fig. 3e shows the electron diffraction pattern observed for H 2 TPP on KCl(100). Also here, we have two sets of identical single crystal patterns rotated by 361 in respect to each other. The measured lattice spacings e.g. d 110 = 0.94 nm and d 020 = 0.67 Å are the same as for the tetragonal polymorph II measured in the PtTPP film but interestingly the extinction rules imposed by the space group 87 are not fulfilled. Here, the reflection condition for the space group 87 (I4/m) (for (hk0): h + k = 2n, n: integer) is not obeyed and we are additionally measuring h + k a 2n reflexes (see Fig. 3f ). However, the conditions (00l): l = 2n and (0k0): k = 2n are still fulfilled and possible space groups are identified to be 94 (P4 2 2 1 2) and 114 (P % 42 1 c). The difference in the space group has implications for the symmetry of the molecules. While the molecular symmetry of the structure measured for the PtTPP (space group 87) is described by a D 4h point group and implies a planar geometry of the porphyrin macrocycle, both space groups coming in question for the H 2 TPP crystals have different point groups (D 4 and D 2d respectively). These point groups have a reduced symmetry and may indicate ruffling of the molecules. Molecular ruffling described by the D 2d point group was also observed for the H 2 TPP powder, where the molecules have crystallized in the tetragonal polymorph I 5 ( Fig. 1c and 2a ). In the crystallographic phases mentioned above the H 2 TPP molecules obviously exhibit a four-fold inversion symmetry axis 5 (this is also valid for porphines in general 39 ). At first sight this might be surprising, as only two out of four nitrogen atoms located diagonally opposite in the center of the porphine ring are bound to hydrogen atoms. These pyrrole rings are distinguishable from the other two and therefore the porphine core is determined by a two-fold rotational axis. The fact, that nevertheless a 4-fold molecular symmetry is experimentally observed, has been explained by a statistical distribution of the inner hydrogen atoms. 5, 39, 40 The molecular orientation deduced from ED patterns is further corroborated by the HR-TEM image of the PtTPP thin film, which corresponds to a two dimensional projection of the crystallites (Fig. 4) . The contrast in the HR-TEM image showing a periodic modulation (Fig. 4a) arises from the Z-contrast between the Pt cores and the organic macrocycle. The Fast Fourier Transform (FFT) in the inset shows two pairs of perpendicular directions (indicated by red and blue circles, respectively) along which a periodicity of 9.0 AE 0.5 Å is observed. Hence, the analysis of the HR-TEM image and the corresponding Fast Fourier Transform (FFT) in the inset yields two square lattices which are rotated by 36.71 in respect to each other. In the HR-TEM image these two differently oriented domains containing squared periodicities are labeled (I) and (II) and marked with blue and red dashed lines, respectively. The occurrence of two square lattices with a 9.0 AE 0.5 Å period and two different in-plane orientations at a relative angle of 36.71 is in accordance with the angle of 361 observed in the ED pattern of PtTPP (Fig. 3b) . The period of the lattice observed by HR-TEM is in good accordance with the calculated lattice spacing of d 110 = 9.46 Å for the tetragonal polymorph II. As PtTPP crystallizes in a body centered structure, the projection along the c axis, corresponding to a (001) contact plane as observed in ED pattern, yields an apparent square lattice with a period equal to d 110 . The insets in Fig. 4 This result supports the body-centered structure of the Pt-TPP in epitaxied layers on KCl i.e. a structure isomorphous to the polymorph II evidenced in powders. This implies that epitaxy of Pt-TPP on KCl does not induce a specific thin film phase.
X-Ray diffraction measurements. To determine the epitaxial alignment of the porphyrin molecules in respect to the KCl(100) substrate surface XRD measurements were performed. The Bragg peak measured in the specular scan of the PtTPP thin film corresponds to a lattice spacing d = 0.484 nm and can be assigned to the (002) net plane of the tetragonal polymorph II (see Fig. 5a ). The orientation of the porphyrin crystallites with the (001) lattice plane parallel to the substrate as deduced from TEM measurement is confirmed. The rocking curve measured for this peak is rather narrow with a full width at half maximum of 0.641 indicating a small mosaicity of the crystallites composing the thin film. The pole figures measured for the lattice planes {101} with d = 0.787 nm (Fig. 5b) , {112} with d = 0.433 nm (Fig. 5c ) and {211} with d = 0.510 nm (Fig. 5d) further reveal that the crystallites are also azimuthally well-ordered and are arranged in two domains. The mirror symmetry of the two domains along the high symmetry axes [010] and [001] of the KCl substrate indicates that the orientation of the crystallites is induced by molecule-substrate interactions. The epitaxial alignment of the molecules deduced from the pole figure measurements is depicted in Fig. 6 in the top view. The two molecular arrangements shown in (a) and (b), respectively, are indistinguishable as they would yield the same diffraction pattern in the pole figures. Thus, the pole figure diffraction patterns can be explained by either the configuration (a) (used for the indexation in Fig. 5(b-d) ) or (b) or a mixture of both. When the relative orientation of the molecules is neglected, both configurations exhibit an identical alignment of the unit cell in respect to the substrate surface. Interestingly, in the literature both molecular View Online arrangements were reported for metallo-porphyrins on KCl(100) substrates independently from each other. 36, 38 However, in both cases the two unit cells of the mirrored domains yield diffraction patterns rotated by 361 to each other as also was observed in the TED patterns (Fig. 3b) and HR-TEM image (Fig. 4a) .
Molecules lying in the (001) contact plane form a square unit cell with the cell parameter a = 1.345 nm. The dimensions of this unit cell are in accordance with the usually reported monolayer structure for systems of porphyrin molecules 16, 18, 41, 42 suggesting that the alignment of the monolayer molecules basically is preserved when films in multilayer range are grown. When a lattice mismatch of 5% is taken into account, the epitaxial relationship with the underlying KCl(100) substrate can be described by the following commensurable epitaxial matrix
where a KCl = (0.629, 0) and b KCl = (0, 0.629) are the vectors of the non-primitive KCl(100) unit cell. The KCl(100) 2d unit cell vectors are given in a basis spanned by unit vectors running along the [001] and [010] directions, respectively. This means, the observed relative orientation of the 2D square unit cell ensures that a commensurable structure with the underlying substrate is formed. The software Epicalc 43 based on geometric lattice misfit modeling calculates exactly the same azimuthal orientation as the most favorable for this 2D unit cell. This underlines that the minimization of the lattice mismatch is a driving force for the observed epitaxial alignment in this system.
An AFM image recorded on the 30 nm thick PtTPP film grown on KCl(100) is shown in Fig. 7 . The morphology shows preferred alignment of the features, which is reflected in the Fourier transform in the inset. The relative azimuthal alignment of the crystallites (dashed white lines) in respect to the substrate (horizontal/vertical lines) enclosing an angle of (33 AE 4)1 is in good accordance with the alignment of the 2D unit cells deduced from XRD measurements. surfaces are shown in Fig. 8(a) and (b) respectively. Both films exhibit the same diffraction pattern consisting of sharp diffraction spots which indicate a highly ordered structure consisting of two mirrored domains. In the corresponding simulation (Fig. 8c ) the two domains are depicted as blue and red dots, whereas the black circles correspond to the measured diffraction spots. The evaluation of the diffraction pattern, however, reveals a peculiar 2D structure clearly different from that observed in the films deposited on KCl(100). On the oxygen reconstructed Cu(110) surface the molecules are arranged in a rather dilute unit cell with a = (1.51 AE 0.05) nm, b = (2.57 AE 0.05) nm and g = 78.61. This structure can be described by the following epitaxial matrix, where a = (0.3607, 0) and b = (0, 0.5102) are the vectors of the rectangular unit cell formed on Cu(110) by oxygen reconstruction defined in a basis spanned by unit vectors running along the [001] and [À110] directions, respectively:
As all elements of the matrix are integers the PtTPP monolayer structure is commensurate with the rectangular unit cell of the oxygen reconstructed copper surface. The LEED measurements performed on the 3 nm thick H 2 TPP (Fig. 8d) and PtTPP (Fig. 8e) multilayer films indicate that the molecular arrangement observed in the monolayer regime is preserved. The simulated pattern (Fig. 8f) showing a nice correspondence with the measured diffraction patterns (black circles) reveals basically the same unit cell parameters: a = (1.46 AE 0.05) nm, b = (2.59 AE 0.05) nm, g = 78.61.
X-Ray diffraction measurements. In a next step, the crystallographic properties of a 37 nm thick multilayer film were investigated by XRD. Specular scan measured to determine the net planes oriented parallel to the substrate surface did not reveal any diffraction intensity stemming from the organic film and thus is not depicted here. Nevertheless, the pole figures summarized in Fig. 9 are measured for (a) 
.319 nm and indicate well-ordered domains. These domains are epitaxially aligned as they show mirrored symmetry along the substrate azimuths. However, when compared with the pole figures measured on the KCl(100) substrate (see Fig. 5(b)-(d) ), the distribution of the enhanced pole densities (EPD) indicates a lower symmetry of the crystal structure. A detailed analysis reveals that the molecules have crystallized in a known triclinic For this polymorph the porphyrin molecules are stacked along the a-direction. The macrocycle is tilted by approximately 641 in respect to the (b,c)-plane and the neighboring porphyrin macrocycles do not lie in the same plane (see Fig. 10a ). In porphyrin thin films it is usually observed that molecules stack with their macrocycles parallel to the substrate surface forming columnar structures as was observed for porphyrins grown on KCl(100). Since this triclinic polymorph does not reveal a lattice plane of densely packed molecules it is considered unlikely to appear in thin films. 44 From the pole figure measurements, the orientation of the porphyrin crystallites can be described by the high indexed (5103) lattice plane being parallel to the substrate. The structure factor for this lattice plane equals zero, explaining the absence of diffraction intensity stemming from the thin film in the specular scan. The side view of the molecules oriented with the (5103) lattice plane parallel to the surface (Fig. 10b) illustrates that also in this system H 2 TPP molecules have adopted an orientation where the porphyrin rings are nearly parallel to the substrate with a tilt of only 91 in respect to it. Fig. 10c shows the arrangement of the molecules on the oxygen reconstructed Cu substrate in top view. The [ % 7 % 32] direction of the H 2 TPP crystallites is determined to be parallel to the [001] direction of the oxygen reconstructed copper surface; this means that H 2 TPP molecules align epitaxially with diametrically opposite phenyl rings along the oxygen rows of the CuO surface reconstruction (see Fig. 10c ). The commensurate unit cell deduced from the monolayer LEED measurements and described by the epitaxial matrix M 2 is very close to the 2D unit cell deduced from the molecules lying in the (5103) net plane with only a 5% mismatch. Further, in Fig. 10c it is seen that the packing of the molecules is not as dilute as expected from the unit cell dimensions deduced from the LEED measurements. At a distance of only 0.2 nm there is a second plane B containing porphyrin molecules which have the same molecular orientation with respect to the substrate. The molecules in this plane form an identical commensurate unit cell but with an origin shifted by a vector of s = (3,2) (i.e. 3a Cu , 2b Cu ) with respect to the unit cell lying in plane A. Taking this second plane into account, the coverage of the porphyrin molecules is rather dense. In the side-view (see Fig. 10b ) the position of these two planes is indicated.
The surface morphology of the same H 2 TPP multilayer film (37 nm) was characterized using AFM. The 5 Â 5 mm 2 AFM image shown in Fig. 11a reveals a rather uniform, granular morphology which is reminiscent of that observed for porphyrins on the KCl(100) surface (compare Fig. 3a and d) . The crystallites Fig. 11a ) it becomes evident that crystallites line up forming linear structures with a correlation length of up to 500 nm. Fig. 11b shows a 1 Â 1 mm 2 detail of the surface. The crystals exhibit a limited number of well oriented facets. Since the AFM topography image represents the three-dimensional morphology z(x,y), it can be analyzed in terms of the orientation of the local surface normals finally yielding integral information on the facet orientations. 45, 46 The corresponding slope distribution, obtained by fitting a local plane through the neighborhood of each point and using its gradient, is given in the inset of Fig. 11b . The distance of a point to the center corresponds to the inclination of the local plane while the polar position represents the in-plane orientation of the local surface normal. It shows that the most frequent facet's normals found have an inclination angle of 291 AE 51 (measured from the substrate surface normal) and are separated azimuthally 761 AE 81 (dashed lines). These inclination angles fit with the angles enclosed by the low-indexed planes like (1 % 10) (24.21) and (1 % 11) (27.91) with the (5103) lattice plane, which is parallel to the substrate surface. The azimuthal orientation of the crystallites corresponds well to the two mirrored domains which are rotated by 401 to each other as determined by XRD.
Discussion
The crystal structures measured in porphyrin powders are used as a starting point to discuss the impact of the substrate surface on the polymorphic phase appearing in porphyrin thin films. In powder, H 2 TPP and PtTPP crystallize in two different tetragonal polymorphs. The tetragonal polymorph I (a = b = 15.2215 Å , c = 13.97 Å ) with a ruffled macrocycle was found for the H 2 TPP powder, while in the PtTPP powder the tetragonal polymorph II (a = b = 13.345 Å , c = 9.719 Å ) with a flat macrocycle was observed.
We have found that in thin films, molecules of tetraphenylporphyrins adopt different polymorphic structures depending on the nature of the substrate surfaces (schematically summarized in Fig. 12 ). When deposited on KCl(100) substrates both porphyrin molecules (H 2 TPP and PtTPP) crystallize in the tetragonal polymorph II with their macrocycles oriented parallel to the substrate surface. The relative azimuthal orientation of the formed 2D unit cell is commensurable with the 2D unit cell of the KCl(100) substrate. The software Epicalc 43 based on geometric lattice misfit modeling calculates exactly the same azimuthal orientation as the most favorable for this 2D unit cell. This underlines that the minimization of the lattice mismatch is a driving force for the observed epitaxial alignment in this system. By contrast, for molecules lying in the (001) lattice plane of the tetragonal polymorph I (corresponding to macrocycles oriented parallel to the substrate) no commensurable arrangement is possible, making this polymorphic phase less favorable to be formed on the KCl(100) substrate.
On the Cu(110)-(2 Â 1)O surface the porphyrin macrocycles are oriented nearly parallel to the substrate surface and crystallize in a triclinic polymorphic phase, a polymorph not observed in the powders. Using the geometric lattice matching routine Epicalc the azimuthal orientation of the 2D unit cell forming a commensurable structure as observed by LEED and pole figure measurements is predicted to be the most favorable. If we take the 2D unit cell of the tetragonal polymorph II observed on the KCl(100) substrate into account and calculate the most favorable epitaxial alignment on the Cu(110)-(2 Â 1)O surface, no commensurate structure is found. This gives a possible explanation why on the oxygen reconstructed Cu(110) surface the triclinic phase is more favorable than the tetragonal polymorph II.
The open question that remains is why on the Cu(110)-(2 Â 1)O surface the porphyrin molecules do not crystallize in the tetragonal polymorphic phase I. The (001) net plane of this structure contains the macrocycles and for the square unit cell formed by the molecules lying in this plane (a = b = 1.5125 nm) azimuthal orientation yielding a commensurate unit cell would be possible. We suggest that it is the conformation of porphyrin molecules in the tetragonal phase I which makes this polymorph less favorable for the accommodation on the strongly corrugated Cu(110)-(2 Â 1)O surface. In the triclinic structure the phenyl rings are not perpendicular to the macrocycle, as also was evidenced by NEXAFS studies of these films, 47 but enclose an angle of approx. 621 with it. This finding is in accordance with studies reporting a bending of phenyl rings when porphyrins are deposited on metallic surfaces. 19 However, in the triclinic structure the opposed phenyl rings lie in the same plane, whereas in the case of the tetragonal phase I their planes are twisted by an angle of approximately 231. As the corrugation of the Cu(110)-(2 Â 1)O surface induces an epitaxial alignment of molecules parallel to the oxygen rows (e.g. along the corrugation trenches) the triclinic phase with the untwisted opposed phenyls might be more favorable to arrange itself to the surface corrugation than the tetragonal phase. Taking this finding into account, we suggest that also in the case of porphyrin molecules deposited on the KCl(100) substrate, the phenyl rings will preferentially align along the principle symmetry axes of the substrate making the alignment depicted in Fig. 6 (a) more reasonable than that in Fig. 6(b) .
Conclusions
This work shows the high structural adaptability of porphyrin molecules leading to an extraordinarily pronounced polymorphism with the substrate determining not only the crystallite orientation but also the polymorph that grows on it. In particular, we have investigated the structural and morphological properties of well-ordered and epitaxially aligned porphyrin thin films deposited on two different substrates. On the Cu(110)-(2 Â 1)O surface the porphyrins crystallize in a rather unusual triclinic phase for thin films with macrocycles nearly parallel to the substrate. In contrast, on the KCl(100) substrate we observe the tetragonal polymorph II exhibiting the (001) contact plane containing the flat lying macrocycles. In all cases, the porphyrin molecules form a commensurate unit cell with the respective substrate ensuring the most effective geometric lattice matching. Based on these results two main driving forces for the epitaxial growth of porphyrins on the observed anisotropic surfaces are identified: (i) alignment of macrocycles parallel to the substrate surface forming molecular columns in a subsequent step of crystallization and (ii) minimization of the lattice mismatch between the adsorbate and the substrate unit cell. These two requirements determine which polymorphic phase is most likely realized on a given substrate surface.
